Theoretically, if the postantibiotic effect (PAE) reflects the duration of cellular recovery, then the extent of cellular damage inflicted on bacteria by an antibiotic, as suggested by the degree of bactericidal activity, should reflect the length of PAE; this is especially true if binding of the antibiotic to bacterial receptors is irreversible. To test this hypothesis, correlation between PAEs and bactericidal rate constants measured simultaneously at various antibiotic concentrations was examined for five antibiotic-bacterium combinations. Each of the five antibiotics used, i.e. tobramycin, ciprofloxacin, dicloxacillin, trimethoprim and tetracycline, has a different mechanism of action: the first three bind irreversibly to bacterial receptors, while trimethoprim and tetracycline bind reversibly. Both PAE and bactericidal activity increased nonlinearly with concentrations in a saturable manner for all the combinations studied. Linear least-square regression analyses showed strong correlations (P < 0.01) between the two responses for individual combinations. Such a linear relationship also extended, with good correlation (P < 0.05), across the five combinations when individual maximal bactericidal rate constants and PAEs were considered separately. These observations suggest that cellular recovery from nonlethal damage following antibiotic exposure may be a major determinant of PAE.
Introduction
Among other investigators, Eagle first observed in the late 1940s that some penicillin-treated bacteria did not immediately resume normal growth upon removal of antibiotic from the culture medium. [1] [2] [3] This phenomenon is now referred to as the postantibiotic effect (PAE). From a clinical perspective, PAE provides the theoretical argument that dosing of some antibiotics can be spread over a longer interval because antibiotic concentrations can fall below the MIC against the pathogens while some degree of growth inhibition still remains. In fact, the concept of PAE, in the optimization of dosing regimen in chemotherapy, has been adopted in the recently proposed once-daily aminoglycoside therapy. [4] [5] [6] Although the duration of PAE [7] [8] [9] and the degree of bactericidal activity [10] [11] [12] (reflected by the bactericidal rate constant) in relation to antibiotic concentrations have both been independently examined in previous studies, the correlation between these two bacterial responses has never been quantified for any single antibiotic at different concentrations. The primary objective of the present study was to examine the correlation, if any, between bactericidal activity and PAE for five different antibiotic-bacterium combinations, using antibiotics with different mechanisms of action. Tobramycin, ciprofloxacin and dicloxacillin were employed as antibiotics that bind irreversibly to bacterial receptors, [13] [14] [15] while trimethoprim and tetracycline were included as reversibly binding antibiotics. 16, 17 The working hypothesis for the present study was that, if repair of cellular damage is the leading cause of PAE, the level of bactericidal activity (an index of the extent of cellular damage) should correspond to the duration of PAE observed. This hypothesis is particularly relevant to antibiotics that bind irreversibly. Analysis was also extended to test if a similar correlation existed when different antibiotics and bacterial species were considered. The presence or absence of such a relationship should provide some information regarding the dominant factor governing PAE.
Materials and methods
purchased from Difco (Detroit, MI, USA). Following initial isolation, bacteria from a single colony were kept on nutrient agar slants at 4°C.
Culture media
Mueller-Hinton broth, supplemented with 25 mg/L Ca 2 and 12.5 mg/L Mg 2 (MHB-S) was used. Nutrient agar was used for the colony count assay by the pour plate technique. Both media were purchased from Difco and were sterilized by autoclaving before use.
Antibiotics
Tobramycin, dicloxacillin, trimethoprim and tetracycline were purchased from Sigma Chemical Co. (St Louis, MO, USA). Ciprofloxacin was a gift from Bayer (Leverkusen, Germany). Aqueous solutions of the antibiotics were prepared and filtered using a 0.2 m filter (B. Braun, Meisungen, Germany) before use. Test concentrations were appropriately corrected for the salt forms of the respective antibiotics. The five combinations studied were ciprofloxacin/P. aeruginosa, tobramycin/P. aeruginosa, dicloxacillin/S. aureus, trimethoprim/E. faecalis and tetracycline/E. coli.
Susceptibility testing
The MICs for the five combinations were measured by broth dilution technique after incubation at 37°C for 18 h.
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Inocula
For each combination, an overnight culture of the test organisms was prepared by incubation at 37°C. Before the experiments, an aliquot of this overnight culture was transferred to fresh MHB-S and was allowed to grow at 37°C for 2-3 h to attain logarithmic growth. The actively growing culture was subsequently adjusted by MHB-S to achieve a 0.5 McFarland standard. To start the bactericidal kinetic and PAE experiments simultaneously, 0.2 mL of the adjusted culture was added to 19.8 mL of MHB-S containing the test antibiotic to yield a total volume of 20 mL at the designated concentrations and an initial bacterial density of approximately 10 6 organisms/mL.
Bactericidal kinetic studies
The test organisms were exposed to the antibiotic at various concentrations (range: 0.5-32 MIC; Table) for a 2-3 h period. Depending on the degree of bactericidal activity of the antibiotic and concentrations employed, colony counts were obtained in duplicate on nutrient agar at either 15 or 30 min intervals using the pour plate assay. At each concentration, log cfu/mL was plotted against time. The initial bactericidal rate constant was subsequently determined from the data collected in the loglinear bactericidal phase using Eqn 1.
where K is the rate constant describing the growth attribute of the control culture without antibiotic treatment and, for each antibiotic concentration tested, K app is the apparent rate constant measured directly from the decline of bacterial counts during the log-linear bactericidal phase using the least-squares regression and K is the rate constant describing the bactericidal activity of the antibiotic at that particular concentration. To generate a concentrationresponse curve, the K values for each combination tested were plotted against the corresponding concentrations.
Postantibiotic effect
Concurrent to the bactericidal kinetic studies, the PAEs at various concentrations for the five combinations were determined. After the organisms had been exposed to the individual antibiotics for 1 h at 37°C, 10 mL was removed from the 20 mL of antibiotic-treated culture during the bactericidal kinetic study and was transferred to a separate sterile culture tube. For the 10 mL aliquot withdrawn, antibiotic was removed by centrifugation (1200g) and repeated washing with normal saline (2 ) . Because variable recovery of S. aureus cells was observed following the centrifugation and cell washing procedures, a 1:1000 dilution with fresh MHB-S was used to remove antibiotic for the dicloxacillin/S. aureus combination. For the other four combinations, bacterial cells were then resuspended in 10 mL of fresh MHB-S after cell washing and viable bacterial counts were followed. Samples were withdrawn from each combination at half-hourly intervals for colony count assay via a pour plate technique. As with the tetracycline/ E. coli combination, bacterial growth following antibiotic removal was determined by the more efficient total cell counting (TCC) method, 19 which was developed as this study neared completion. Since both the TCC method and pour plate technique have been shown to yield identical bacterial counts, the PAE measurements obtained by both methods are interchangeable and can be directly compared. The PAE was computed as the difference in time required for the antibiotic-exposed culture and the control culture to increase by 1 log unit following antibiotic removal.
Data and statistical analysis
With the exception of the dicloxacillin/S. aureus combination, the concentration-response data collected pertaining to each combination for the initial bactericidal rate (K ) and PAE were fitted to the conventional sigmoid E max model (eqn 2) using PCNONLIN version 4.0 (SCI Software, Lexington, KY, USA). Parameter estimates with standard errors generated by the nonlinear regression analyses are presented.
where similar terms are as defined for eqn 3 (see below).
For the dicloxacillin/S. aureus combination or -lactam antibiotics in general, a saturable rate model corrected for a threshold concentration 10, 12 was necessary for the description of both the initial bactericidal rate and PAE data as shown in eqn 3.
where E is the response (initial bactericidal rate constant or PAE) measured, is the Hill's coefficient, C mec is the minimal effective concentration, EC 50 is the concentration required to illicit 50% of the maximal response (E max ). To distinguish the two responses, model parameters were abbreviated as K max and PAE max , EC 50 and EC 50 , and n, and C mec and C mec for the K and PAE measurements, respectively. Linear least-squares regression was used to determine the correlation between these two responses for individual combinations or for all combinations when K max and PAE max were considered separately. The level of statistical significance ( ) was chosen to be 0.05.
Results
MICs
The MICs of ciprofloxacin for P. aeruginosa, tobramycin for P. aeruginosa, dicloxacillin for S. aureus, trimethoprim for E. faecalis and tetracycline for E. coli were 1, 0.5, 0.2, 0.5 and 2 mg/L, respectively.
Concentration-dependency of bactericidal activity
Compared with other combinations, both ciprofloxacin and tobramycin showed rapid concentration-dependent bactericidal activity (high K max ) against P. aeruginosa (Table) . The initial bactericidal rates for both antibiotics against P. aeruginosa saturated at about 16 MIC. A set of representative time-kill data obtained at the various concentrations of ciprofloxacin against P. aeruginosa is shown in Figure 1a . Although lower in terms of magnitude, similar patterns of concentration dependency were observed for all other combinations studied. For those combinations showing lower bactericidal activity, a lag time of approximately 1 h was observed for dicloxacillin/S. aureus and trimethoprim/ E. faecalisbefore the initiation of bacterial death. Although K max was lower for the less bactericidal antibiotics, it was obtained at about 4 MIC. Dicloxacillin did not demonstrate any noticeable degree of bactericidal activity against S. aureus until it reached the C mec at 0.06 mg/L (Table) .
Concentration-dependency of PAE
All five antimicrobial agents demonstrated a similar pattern of concentration-dependency of PAE against the individual organisms. Persistent growth suppression up to 6 h was observed for P. aeruginosa exposed to high concentrations of ciprofloxacin (Figure 1b) and tobramycin. Like the data obtained in the bactericidal kinetic studies, both ciprofloxacin and tobramycin attained a maximal PAE at about 16 MIC. In contrast, growth suppression for the other three combinations was significantly less, with PAE ranging from 1 to 2.5 h and a maximum being observed at about 4 MIC. Growth suppression at subinhibitory concentrations was also noted for ciprofloxacin/P. aeruginosa, tobramycin/P. aeruginosa and trimethoprim/E. faecalis. As for dicloxacillin, a threshold concentration of 0.18 mg/L was required for the demonstration of a PAE against S. aureus (Table) .
Data fitting
Model parameters describing both the K and PAE as a function of antibiotic concentrations are shown in the Table. Figure 2 shows the model fitting for both PAE and bactericidal rate constant data for tobramycin (high bactericidal activity) against P. aeruginosa and the tetracycline (low bactericidal activity) against E. coli. It is apparent that the EC 50 values describing the two responses differed for all of the combinations tested (Table) . Highly bactericidal agents, such as ciprofloxacin and tobramycin showed higher EC 50 values describing the bactericidal activity than that of the PAE, whereas the opposite was observed for the less bactericidal agents.
Correlation between bactericidal activity and PAE
As shown in Figure 3 , the duration of PAE was linearly related to the degree of bactericidal activity at the different concentrations for all combinations tested. A strong correlation (P 0.01) was observed between the two parameters. Ciprofloxacin and tobramycin against P. aeruginosa demonstrated smaller slope values (the rate of increase in PAE with respect to bactericidal activity) of 0.186 and 0.222, respectively (Figure 3) . The less bactericidal antibiotics showed comparatively larger slope values: 1.109, 0.319 and 0.646 for dicloxacillin/S. aureus, trimethoprim/E. faecalis and tetracycline/E. coli, respectively (Figure 3) . A strong correlation (P 0.05) was also detected between the K max and PAE max estimates across the five combinations tested (Figure 4) , though variability of the data was more notable at high values of both estimates.
Discussion
Both bactericidal activity and PAE are important considerations for the optimization of dosage regimens in antimicrobial chemotherapy. Results from this study showed that both processes exhibited a marked nonlinear concentration dependency for all five combinations tested and an apparent saturation of responses was observed for both measurements (Figure 2) . With respect to the bactericidal effect, it should be a direct consequence of binding of the antibiotic to the target bacterial receptors. For PAE, the two most frequently cited mechanisms are the time required for cellular recovery from drug-induced damage or the time required for the dissociation of the antibiotics from the receptors. In this study, the use of three irreversible receptor binding antibiotics eliminates the interference of the latter with data interpretation.
Both ciprofloxacin and tobramycin possessed strong and rapid bactericidal activity without a lag period. This fast bactericidal activity may have implications for better efficacy in the treatment of acute life-threatening infections. Our data showed that these two agents also induced PAE at sub-MIC levels, suggesting that continuous bacterial growth suppression can be sustained at low antibiotic concentrations. In a study with six fluoroquinolones against S. aureus and E. coli, Minguez et al. observed that fluoroquinolones with higher bactericidal activity also showed a longer PAE, 20 but the relationship was not quantified. Our results revealed a clear linear relationship (P 0.01) between bactericidal activity and PAE for all the combinations tested. Interestingly, this relationship pertains not only to antibiotics that act irreversibly but also to other combinations, regardless of the mode and mechanisms of action.
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However, such a relationship became less apparent when individual K and PAE data obtained for all five combinations were shown collectively (Figure 3 ). This may be due to the fact that each combination shows a different regression line as a result of the different mechanisms of action and, therefore, the model parameters describing the two bacterial responses are distinct. Indeed, model parameters describing both responses can influence the trend of the regression line. This may explain why Craig & Gudmundsson 21 and Gudmundsson et al. 22 failed to show any relationship between bactericidal activity and PAE for the different antibiotics studied. Nevertheless, when PAE max and K max for the different combinations were considered without the influences of the respective EC 50 and Hill's coefficient, a linear relationship was obtained (Figure 4 ). This suggests that the correlation between bactericidal activity and PAE is a general phenomenon, probably independent of the class of antibiotic and bacterial species.
It has been proposed that bactericidal rate can be used as an indicator for the rate/degree of cellular damage. 23 Accordingly, the linear relationship observed between K and PAE suggests that the duration of PAE is directly related to the degree of cellular damage. In other words, repair or resynthesis of cellular components damaged by the antibiotics should proceed before the resumption of bacterial replication. Data collected in several studies regarding macromolecular biosynthesis during PAE provide some evidence for the above statement. For example, de-novo synthesis of new penicillin-binding proteins (PBPs) following -lactam exposure has been shown to relate to the duration of PAE. 24, 25 In one study, inhibition of chromosome replication has also been found to parallel the degree of bacterial growth suppression by quinolone antibiotics. 26 Barmada et al., 27 in another study, demonstrated a relationship between PAE and the degree of inhibition of total and functional protein synthesis by tobramycin.
Perhaps the most prominent piece of evidence for the role of cellular repair of sublethal damage in PAE comes from the work of Gerber & Craig. 28 They observed no reduction in PAE with S. pneumoniae after a 24 h storage period at 4°C following removal of erythromycin, though this storage period should provide adequate time for the antibiotic to dissociate from the ribosomal binding sites. 28, 29 In line with these observations, the apparent 2-to 3-fold difference in EC 50 shown by the individual antibiotics (Table) in the present study signifies that PAE and bactericidal activity depends on more than the involvement of bacterial receptors as a single determining factor.
Although the data presented here cannot be considered as a direct proof, the strong correlation between bactericidal activity and PAE for individual antibiotics and antibiotics among different classes supports cellular recovery as the dominating mechanism for PAE. Further studies on the kinetics of binding of different antibiotics to various target sites may provide further evidence for this premise.
